Kondo coupling between itinerant electrons in the plane and intercalated local moments.
The low temperature resistivity follows a T 2 dependence, consistent with the Fermi liquid effect. The Kadowaki-Woods (KW) ratio is ∼0.27a 0 , indicating strong electron-electron scattering. Our results reveal that V 5 S 8 is a d-electron Kondo lattice compound and thus
show that intercalation of van der Waals layered materials can be an effective and versatile method to bring new effects, such as strong correlation, into many known 2D materials.
V 5 S 8 bulk single crystals were grown by a chemical vapor transport method, using vanadium and sulfur powders as precursors and iodine as a transport agent. These species were loaded into a silica ampule under argon. The ampule was then evacuated, sealed and heated gradually in a two-zone tube furnace to a temperature gradient of 1000 • C to 850
• C. After two weeks, single crystals with regular shapes and shiny facets can be obtained. V 5 S 8 thin flakes were grown by a chemical vapour deposition method [18] . X-ray experiments on grown crystals indicate a pure V 5 S 8 phase. The crystallographic structure of the single crystal was further confirmed by high-angle annular dark field scanning transmission electron microscope (HAADF-STEM). Transport properties were measured using a standard lock-in method in an OXFORD variable temperature cryostat from 1.5 to 300 K. Heat capacity was measured in a Quantum Design Physical Properties Measurement System. A Quantum Design SQUID magnetometer was employed to measure the magnetic susceptibility.
Thermopower of bulk single crystals was measured using a standard four-probe steady-state method with a Chromel/AuFe(0.07%) thermocouple, while a micro-heater method was used for thin films [19] .
V 5 S 8 can be seen as a van der Waals layered material VS 2 self-intercalated with V, V 1/4 VS 2 . It crystallizes in a monoclinic structure, space group C2/m. V atoms lie on three inequivalent sites. Intercalated V atoms take the V I site, while V atoms in the VS 2 layer take V II and V III sites. Each V I atom is surrounded by six S atoms, forming a distorted octahedron, shown in Fig. 1(b) . The resultant crystal field is believed to be intricately related to the local magnetic moment of V atoms [20, 21] . The magnetic susceptibility of V 5 S 8 displays a paramagnetic behavior which follows the Curie-Weiss (CW) law at high temperatures and undergoes an antiferromagnetic transition at about 32 K, shown in Fig. 1 [22] . The high temperature CW behavior suggests presence of local moments. Fitting of the paramagnetic susceptibility to the CW law, χ = χ 0 + C T −θ CW , yields a positive CW temperature θ CW ≈ 8.8 K despite the AFM order and an effective magnetic moment of µ eff = 2.43µ B per V 5 S 8 formula unit (f.u.). This value is consistent with reported ones, ranging from 2.12 to 2.49 µ B [22] [23] [24] . It is generally believed that only V I ions carry a local magnetic moment [20, 21, 25] . So, the measured moment is close to the theoretical value 2.64µ B for V 3+ (3d 2 ) [20, 22, 26] . Below the Néel temperature, the moments point in the direction of 10.4
• away from the c axis toward the a axis. They align as ↑↑↓↓ along the a axis, while they align ferromagnetically along the b and c axes [20] .
Consequently, the in-plane (B ab plane) susceptibility is larger than the out-of-plane one.
The field dependence of the out-of-plane magnetization displays a sudden change of the slope at about 4.5 T, seen in the inset of Fig. 1(c) . This is caused by a metamagnetic spin-flop transition [22] . A neutron scattering study found a moment of 0.7 and 1.5µ B in two single crystals, respectively [27] , while a nuclear magnetic resonance study found a much smaller moment, 0.22 µ B [25] . Taking the measured paramagnetic moment of 2.43µ B , S ≈ 0.8 is obtained. The moment below T N mostly seems smaller than the expected value 2S = 1.7 [28] .
This discrepancy has been an unresolved puzzle. We would also like to point out that the susceptibility deviates from the CW law below 140 K. In the following, we are going to show that this puzzle and the deviation can be explained in terms of hybridization of the local d-electrons on V I with the conduction electrons in the VS 2 plane, a correlation effect known as the Kondo effect.
There have already been indications for interactions between the localized d-electrons and the conduction electrons in this system. Anomalous Hall effect, due to skew scattering of conduction electrons off from local moments, has been observed in V 5 S 8 [18] . Photoemissionspectroscopy study has shown both local-moment-like and bandlike features for V 3d electrons. To understand the discrepancy, it was thus postulated that the 3d electron that provides the local moment becomes partially itinerant at low temperatures [21] . Recently, in a similar compound, VSe 2 with dilute V intercalation, the Kondo effect has been observed [29] .
In V 5 S 8 , where local moments of V I atoms arrange in a periodic array, a Kondo lattice is naturally anticipated. As a result, the effective mass of the conduction electron will be substantially enhanced by the electron correlation. We have carried out specific heat measurements for V 5 S 8 . The data of a 3.18 mg bulk single crystal are presented in Fig. 2(a) . A sizeable jump at T N = 32 K manifests the AFM transition. In the inset of Fig. 2(a) [32] . The observed large
Sommerfeld coefficient provides direct evidence for the mass enhancement in V 5 S 8 .
Below T N , taking into account the spin wave contribution, the non-lattice part of the specific heat can be expressed as
where γ m represents the electron contribution in the magnetically ordered state, ∆ is the spin-wave gap [33] [34] [35] [36] . In Fig. 2 (b), we plot the low-T ∆C curve obtained by subtracting the lattice contribution (βT 3 ) according to the high-T fit, i.e., ∆C = C − βT 3 . The data below 20 K can be well fitted to Eq. (1), producing γ m = 67 mJ·K −2 mol −1 and ∆ = 12.2 K. Though much smaller than γ p , γ m is still comparable to some strongly correlated materials [30, 37] .
The suppression of the Sommerfeld coefficient by magnetic ordering is typical in heavy fermion systems that order magnetically at low temperatures [30, 31] . This is because of the competition between the Kondo coupling, which results in mass enhancement, and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which promotes a magnetic order [38] .
The competition is also reflected in the observed negative correlation between γ m and T N . Fig. 2 (c) compares the non-lattice part of the low-T specific heat ∆C for three types of V 5 S 8 samples. These samples display variation of T N , possibly due to different intercalation level [22] . As T N decreases, the spin-wave gap ∆ gradually is reduced, but γ m increases from 67 to 156 mJ·K −2 mol −1 . Such a negative correlation is illustrated in the Doniach phase diagram of heavy fermion systems, indicating approaching to the quantum critical point [38] . To get an idea of the strength of the electron correlation, we estimate the effective quasiparticle mass enhanced by the strong correlation by comparing the experimental Sommerfeld coefficient to that calculated from the Kohn-Sham model to density functional theory (DFT) [40] . Within such a non-interacting electron model, the Sommerfeld coefficient can
, where k B is the Boltzmann constant and N(ǫ F ) is the density of states (DOS) per f.u. at the Fermi level ǫ F . Our DFT calculation for the antiferromagetic phase of V 5 S 8 yields an electronic DOS of 6.6 states/eV/f.u., which translates to a Sommerfeld coefficient of only 16.8 mJ·K −2 ·mol −1 . To understand the difference between the experimental value and the calculated one here, it is necessary to first take into account the electron-phonon coupling which can enhance the Sommerfeld coefficient by a factor of (1+λ ep ), where λ ep is the mass enhancement factor due to the electron-phonon coupling [41] .
A reasonable estimate of λ ep is 1.19 [42] , which was obtained in V metal. This leads to an enhanced Sommerfeld coefficient of 36.8 mJ·K −2 ·mol −1 . Thus, one can see that, even after accounting for the electron-phonon coupling effect, the theoretical value estimated from a quasiparticle picture is still a factor of 2 smaller than the experimental one. We attribute the remaining discrepancy to the mass enhancement effect due to strong electron correlations.
In the antiferromagnetic phase, the electron correlation gives rise to an enhanced effective mass of 1.82 m e with m e being the bare electron mass. In the paramagnetic phase, this mass enhancement effect is much more pronounced, where the effective mass is estimated to be 11.4 m e . The details of our DFT calculation for the electronic DOS are included in the supplementary materials.
The temperature dependent resistivity of many metallic Kondo lattice materials exhibits characteristic features, such as a maximum, stemming from the Kondo scattering [31, 33] . We now turn to the low temperature resistivity in the AFM state. In the magnetically ordered state, the strong decrease of the resistivity below T N is caused by the reduction of spin-disorder scattering. In this case, the resistivity consists of both the electronic contribution and the magnon scattering term, and takes the form of
where ρ 0 is the residual resistivity, the AT 2 term represents the Fermi liquid contribution, the last term is associated with the spin wave, and ∆ is the spin wave gap [33] [34] [35] [36] . The resistivity below 20 K can be well described by Eq. (2) (see Fig. 3b ). The fitting parameters A and ∆ are ∼0.012 µΩ·cm·K −2 and ∼ 28 K, respectively. Moreover, A is found to be nearly independent of the magnetic field, which is consistent with the Fermi liquid contribution [44, 45] . On the other hand, with increasing B, ∆ decreases gradually from 30 to 15 K [46, 47] .
In strongly correlated systems, it has been found that the KadowakiCWoods ratio, The thermoelectric properties of heavy fermion compounds share some common features [53] . Kondo lattice system, the interplay between the Kondo and crystal field effects gives rise to a broad peak in thermopower S at high temperatures. More prominently, with decreasing temperature, S changes its sign at T = αT K , where roughly α = 2.5-10. After that, S displays an extremum and may change sign again in some compounds [53] [54] [55] [56] . Our data agree with some of these essential features, e.g., a sign change and a negative peak. It is worth mentioning that the temperature of 140 K, at which S changes its sign, is very close to T * obtained from the resistivity maximum and deviation of the magnetic susceptibility from the CW law.
Based on these observations, we conclude that V 5 S 8 is a d-electron Kondo lattice compound. Under this picture, the magnetic susceptibility can now be understood. The deviation from the CW law beginning at 140 K results from the Kondo coupling and the crystal field effect, which has been seen in other heavy fermion compounds [30, 33, 36, 43, 57] . The reduction of the magnetic local moment at low temperatures is due to the Kondo screening, which, though strongly suppressed, persists in the AFM state [31, 58] .
Finally, we investigate the evolution of the correlation effect with reducing thickness.
Since it is difficult to measure the specific heat of thin layers, we focus on the resistivity and thermopower and monitor how those features that are relevant to the electron correlation change, as shown in Fig. 5 . As samples become thinner, the broad maximum of resistivity shifts towards low temperatures, implying reduction of the crystal field splitting, see weak ferromagnetic order emerges [18] . One intriguing feature is that the positive temperature coefficient of resistivity below T N suddenly turns negative when the thickness is reduced to 7.6 nm (see the inset of Fig. 5(a) ). With further reducing thickness, a − ln T dependence in resistivity develops at low temperatures. It is not clear whether the disappearance of the metallic resistivity reflects a beakdown of Fermi liquid behavior or a metal-to-insulator transition. Another possibility would be an appearance of the second incoherent Kondo scattering contribution due to the crystal field effect [30, 43, 59] . Further investigation are needed. Nevertheless, all these data indicate that the Kondo physics still plays a key role in ultra-thin samples.
Our experiments strongly suggest that the intercalated material V 5 S 8 is a d-electron We have performed detailed magnetoresistance measurements of V 5 S 8 bulk single crystal. We studied the evolution of the Hall resistivity ρ xy with temperature, as shown in Fig. S2(a) . Here, ρ xy includes two contributions, i.e., ρ xy (B) = R 0 B + R AHE µ 0 M, where R 0 and R AHE are the ordinary and anomalous Hall coefficients, respectively, and M is the magnetization, µ 0 the vacuum permeability. So, the Hall coefficient can be expressed as
We plot R H versus χ at different temperatures above T N and find a good linear relation (See Fig. S3(b) ). The intercept of the linear fit gives a positive value of R 0 = 2.5 × 10 −4 cm 3 C −1 , indicating a temperature independent holes carrier concentration of n = 2.5 × 10 22 cm −3 . We carried out density functional theory (DFT) calculations using the Perdew-BurkeErnzerhof (PBE) [S6] generalized gradient approximation as implemented in the all-electron first-principles code package Fritz Haber Institute ab initio molecular simulations (FHI-aims) package [S7] . In accord with the experimental findings, the monoclinic crystal structure with antiferromagnetic ordering of the V I atoms was used in our calculations. We employed an 
